Background Exercise train (ET) stimulates muscle response in pathological conditions, including aging. The molecular mechanisms by which exercise improves impaired adiponectin/adiponectin receptor 1 (AdipoR1)-related muscle actions associated with aging are poorly understood. Here we observed that in a senescence-accelerated mouse prone 10 (SAMP10) model, long-term ET modulated muscle-regenerative actions. Methods 25-week-old male SAMP10 mice were randomly assigned to the control and the ET (45 min/time, 3/week) groups for 4 months. Mice that were maintained in a sedentary condition served controls. Results ET ameliorated aging-related muscle changes in microstructure, mitochondria, and performance. The amounts of proteins or mRNAs for p-AMPKα, p-Akt, p-ERK1/2, p-mTOR, Bcl-XL, p-FoxO3, peroxisome proliferators-activated receptor-γ coactivator, adiponectin receptor1 (adpoR1), and cytochrome c oxidase-IV, and the numbers of CD34 + /integrin-α 7 + muscle stem cells (MuSCs) and proliferating cells in the muscles and bone-marrow were enhanced by ET, whereas the levels of p-GSK-3α and gp91phox proteins and apoptotic cells were reduced by ET. The ET also resulted in increased levels of plasma adiponectin and the numbers of bone-marrow (BM)-derived circulating CD34 + /integrin-α 7 + MuSCs and their functions. Integrin-α 7 + MuSCs of exercised mice had improved changes of those beneficial molecules. These ET-mediated aged muscle benefits were diminished by adiponectin and AdipoR1 blocking as well as AMPK inhibition. Finally, recombinant mouse adiponectin enhanced AMPK and mTOR phosphorylations in BM-derived integrin-α 7 + cells.
Introduction
In a wide range of mammals, age-associated muscle weakness and wasting (often called sarcopenia) is characterized by an accumulation of adipose tissue and decreases in the number and size of muscle fibres, slower contraction speed, a shift in the composition of fibre types, and changes in various metabolic parameters. [1] [2] [3] [4] [5] [6] Many attempts (including nutritional, hormonal, and pharmacological approaches) to prevent muscle atrophy have been proposed that are directed at reversing myofiber loss or promoting myofiber hypertrophy, and these approaches are largely designed to target mitochondria and metabolic mechanisms in agingrelated sarcopenia and frailty. [7] [8] [9] [10] Despite the advances that have been achieved, no potential pharmacological approaches are currently in clinical use that mitigate or reverse the decline in muscle strength in aged humans, [11] [12] [13] which constitutes a costly and ever-increasing healthcare problem. 12 Regular exercise training (ET) has been extensively studied because of its beneficial effects in restoring organ and tissue physical functions, thus preventing age-related diseases such as muscle atrophy and peripheral arterial disease, possibly by activating cellular metabolism and regeneration. 9, [14] [15] [16] ETinduced changes in systematic and local tissue vascular growth hormones and cytokines have been shown to regulate vascular actions in response to ischemic stress. 14, 17, 18 Consistent with these vascular protective actions, a numbers of clinical and experimental studies showed that ET also helped prevent muscle wasting in aged humans and animals. [19] [20] [21] Over the last few years, comprehensive reviews highlighted the actions of pleiotropic adiponectin in various tissues and cells in response to stresses. 22, 23 Aging and metabolic disorders were observed to result in a decrease in plasma adipose tissue-derived adiponectin protein levels and tissue adiponectin receptor 1 (AdipoR1) levels. 20, 24, 25 It was also demonstrated that decreased levels of adiponectin and AdipoR1 in obesity may have causal roles in mitochondrial dysfunction and insulin resistance in the skeletal muscles of diabetes. 7 Moreover, long-term ET alone or combined with diet or the use of an anti-oxidant drug was shown to alter the plasma or/and adipose tissue adiponectin levels in animals and humans. 20, 26 A single recent study provided circumstantial evidence that adiponectin promotes angiogenesis via a phosphoinositide 3 kinase/Akt-hypoxiainducible factor-1α pathway. 27 However, regarding the ETrelated changes of aged animals, the link between the adiponectin/AdipoR1 axis and muscle regenerative capacity remains uncertain.
It has become clear that the function and the number of bone-marrow (BM)-derived stems cells are modified by pathological conditions such as aging and metabolic disorders. [28] [29] [30] [31] The ability of therapeutic strategies to improve the regenerative capacity of muscle stem cells (MuSCs) located in muscle fibres is likely to contribute to muscle repair under the changed systemic and local microenvironments associated with aging. 29, 32 As is the case with vascular endothelial progenitor cells (EPCs), a limited number of experimental and clinical studies have reported that bone marrow MuSCs contributed to muscle homeostasis and regeneration in humans and animals that underwent an exercise intervention. 33, 34 Here, we report that long-term ET improved the declines in muscle regeneration and performance via an AMP-activated protein kinase (AMPK)-dependent mechanism that is mediated by the adiponectin/AdipoR1 axis in a senescenceaccelerated mouse prone 10 (SAMP10) model.
Materials and methods

Animal care and use
All mouse experiments were performed with the approval of the Institutional Animal Care and Use Committee at Nagoya University and were in accordance with the U.S. National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. For all experiments described herein, we used male SAMP10 mice (SAMP10/TaSlc, Japan SLC, Hamamatsu, Japan) that were 8 weeks old when we obtained them. Young (8-week-old) . The animals were housed in a room with controlled temperature (22 ± 2°C) and a 12-h light-dark cycle, with ad libitum access to food and water.
Exercise and evaluation of endurance
We used a motorized rodent treadmill (S-CON MINI-Z: Tokyo Engineering) to determine the endurance capacity for running as shown in the exercise programme (Supporting Information, Figure S1 ). In the preliminary training sessions, 24-week-old mice were made to run on the treadmill at an inclination of 0°for 2 weeks (3×/week) as follows: warm-up (5 min), 7 m/min; exercise (35 min), 17 m/min; cool-down (5 min), 7 m/min.
For the measurement of endurance capacity, when the mice were aged 25 weeks, their initial running times for ET were determined according to the following programme at an inclination of 5°for 10 weeks (3×/week): warm-up (5 min), 10 m/min; exercise (35 min), 18 m/min; cool-down (5 min), 10 m/min. When these mice reached the age of 37 weeks, the initial running times to exhaustion were determined according to the following programme at an inclination of 5°for 4 weeks for the measurement of endurance capacity: warm-up (5 min), 10 m/min; exercise (35 min), 20 m/min; cool-down (5 min), 10 m/min.
To reduce the inherent variation in running capacity among the mice, we eliminated the mice whose running time was 25% longer or shorter than the average from the study. The average running times and body weights were matched among the groups. At 25 weeks of age, the mice were divided into a non-ET group and an ET group, and they began an exercise programme on a treadmill 3×/week. At 4, 8, 12 , and 16 wks after the start of the experiment, the endurance capacity of each mouse for running was measured as described. 20 During the experimental period, a shock-bar electricpressure was kept at 20 V, and we also counted the dropout times (as called the touching times to the shock-bar herein, expressed as times/30 min). A mouse was deemed to be fatigued when it was no longer able to continue to run on the treadmill.
Grip strength
We also studied grip strength by using a small-animal grip strength meter (Columbus Co., Largo, FL). When the forelimbs of a mouse whose tail was pulled horizontally by an examiner's hand were no longer able to grasp the strength meter, the indicated force was deemed the maximum grip strength. Grip strength was measured every 2 weeks and averaged over five measurements for each mouse. On the last day of the ET experiment, all of the mice were euthanized by an overdose of sodium pentobarbital, and the respective isolated muscles (soleus and gastrocnemius) were subjected to biochemical and morphological analyses.
Adiponectin/AdipoR1 blocking and AMPK inhibitor experiments
For the neutralizing antibody experiment, mice that had undergone the ET programme were injected subcutaneously with either control IgG (Cont group, ab37355, Abcam) or rabbit polyclonal antibody (pAb) against adiponectin (pAb-Adip group; 450 μg/kg/d, ab3455, Cambridge, UK) 1×/week for 8 weeks, and they underwent endurance and drop-up tests (1×/month); For the AdipoR1 inhibition experiment, mice that had undergone the ET programme were injected subcutaneously with either control mouse IgG (Cont group, ab37355) or rabbit pAb against adipoR1 (pAb-AdipoR1 group; 450 μg/kg/day, ab70362, Abcam) 1×/week for 8 weeks, and they underwent endurance and drop-up tests (1×/month); For a specific AMPK inhibition experiment, mice that had undergone the ET programme were injected subcutaneously with either dimethyl sulfoxide (DMSO group, Sigma-Aldrich) or AMPK inhibitor compound C (Com-C group; 10 mg/kg, 2 times/week, EMD Chemicals Inc, Gibbstown, NJ) 1×/week for 8 weeks, and they underwent endurance and drop-up tests (1×/month). They were eventually sacrificed for biochemical and morphological analyses.
Body weight and other metabolic parameters
The body weights of all mice were measured weekly. The amounts of food intake, urine, and excrement were measured for each mouse with a metabolic and diuresis cage (TECNIPLAST, Tokyo) every 2 or 3 days, and we then calculated the average of each week's measurements.
Morphometry and immunohistochemistry analyses
We prepared cross-cryosections (4 μm thick) and stained them with haematoxylin and eosin (H&E). The area per muscle fibre was measured in three randomly chosen microscopic fields from six different sections in each tissue block and averaged for each animal. For the immunohistochemistry, corresponding sections on separate slides were treated with mouse monoclonal antibodies (mAbs) against fast myosin light chain (MLC; 1:100, Sigma-Aldrich, St. Louis, MO), proliferating cell nuclear antigen (PCNA; 1:SAMP10, ab29, Abcam, Cambridge, MA), rabbit pAb against slow myosin heavy chain (MHL; 1:100, ab11083, Abcam), and rat mAb against macrophages (Mac 3; 1:40, Clone M3/84, BD Pharmingen, San Diego, CA). The sections were then visualized with an ABC substrate kit (SK-4400, Vector Laboratories, Burlingame, CA) in accord with the manufacturer's instructions.
Double immunofluorescence was performed using rabbit pAb to laminin-5 (BS-6713R, Bioss Antibodies, Woburn, MA), mouse mAb to desmin (1:100; Clone 33, Dako, Carpinteria, CA), goat pAb to integrin-α 7 (1:100; sc-27706, Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit mAb to CD34 (1: 100; ab110643, Abcam). The sections were visualized using Zenon rabbit and mouse IgG labelling kits (1:200; Molecular Probes, Eugene, OR) according to the manufacturer's instructions. The slides of the tissues (muscles and femurs) and the cells were mounted in glycerol-based Vectashield medium (Vector Laboratories) containing the nucleus stain 4',6-diamidino-2-phenylindole. For negative controls, the primary antibodies were replaced with nonimmune immunoglobulin G or zenon-labelled rabbit or mouse IgG.
The ELISA and the biochemical analyses
Using 40-week-old mice, we determined the contents of plasma adiponectin, tumour necrosis factor-alpha (TNF-α), basic-fibroblast growth factor (bFGF, 3139-FB), and vascular endothelial growth factor (VEGF, MMV00) in the abovedescribed experimental groups by using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. Plasma glucose, triglyceride (TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL), blood urea nitrogen (BUN), and creatinine were examined by the Nagoya University Clinical Research Laboratory.
Western blot analysis
Protein was extracted with the use of a RIPA lysis buffer, and the proteins were then Western-blotted against antibodies for phospho-mammalian target of rapamycin ser2448 (p-mTOR ser2448 , #2971), total mTOR (#4517), phospho-Akt ser473 (p-Akt ser473 , #4060), total Akt (#2967), p-AMP-activated protein kinaseα thr172 (p-AMPKα thr172 , #2535), total AMPKα, pextracellular signal-regulated kinase1/2 thr202/tyr204 (p-Erk1/ 2 thr202/tyr204 , #4377), total Erk1/2 (#9107), phosphoglycogene synthesis kinase-3β ser9 (p-GSK-3β ser9 , #9336), total GSK-3β (#5676), phospho-FoxO3a ser294 (p-FoxO3a ser294 , #5538), FoxO3 (#2497), Bcl-2 (#2764), Bcl-XL, (#2764, Cell Signaling Technology, Beverly, MA), gp91phox (clone 53, BD Transduction Laboratories, Lexington, KY), glyceraldehyde 3phosphate dehydrogenase (GAPDH, sc-20357, Santa Cruz Biotechnology), and β-actin (AC-15, Sigma-Aldrich; both used later as loading controls) (1:1000 for each antibody).
Quantitative real-time gene expression assay
RNA was harvested from tissue with an RNeasy Fibrous Tissue Mini-Kit (Qiagen, Hilden, Germany) in accord with the manufacturer's instructions. The mRNA was reverse-transcribed to cDNA with an RNA PCR Core kit (Applied Biosystems, Foster City, CA). Quantitative gene expression was studied using the ABI 7300 real-time polymerase chain reaction (PCR) system with Universal PCR Master Mix (Applied Biosystems). 35 All experiments were performed in triplicate. The sequences of primers for adiponectin, AdipoR1, atrogin-1, cytochrome c oxidase (COX)-III, COX-IV, glucose transporter-4 (GLUT-4), peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), PGC-1β, and GAPDH genes are shown in Supporting Information, Table S1. The transcription of targeted genes was normalized to GAPDH. 36 
Electron microscopic analysis of myocardial mitochondria
Electron microscopy was performed as described. 37 Muscle samples were cut into approx. 1 mm 3 pieces and fixed first for 24 h with 2% glutaraldehyde in 0.16 M phosphatebuffered saline (PBS; pH 7.2) and then for 1 h with 1% osmium tetroxide. The fixed tissues were dehydrated in a graded series of ethanol solutions before exposure to propylene oxide and embedding in Epon. The sections were cut at a thickness of 60-70 nm, stained with uranyl acetate and lead citrate, and observed with a transmission electron microscope (JEM-1400, JEOL, Tokyo) operating at 100 kV. The quantitation of mitochondrial number and size was performed at a magnification of 15 000× by counting the corresponding number of pixels with the use of Adobe Photoshop CS5 software. A total of 60-80 mitochondrial cross-sectional areas from six sections were measured for each mouse, and histograms were generated separately for each experimental group.
MuSC mobilization assay
At 8 and 16 weeks post-ET, BM and peripheral blood (PB) samples were obtained from the two experimental groups (ET and Cont), and erythrocytes were lysed with ammonium chloride and separated into pellets. The cells were washed with PBS and sorted by flow cytometry using fluorescein isothiocyanate (FITC)-labelled CD34 (Clone RAM34, eBioscience, San Diego, CA) and phycoerythrin-labelled integrin-α 7 (3C12, Medical & Biological Laboratories Co., Ltd, Nagoya, Japan) as described. 38 BM-derived integrin α 7 + MuSC isolation BM-derived cells were obtained from the ET and Cont groups of SAMP10 mice (n = 5 per group). Following the isolation of lineage À mononuclear cells, BM-derived integrin-α 7 + cells were isolated by using integrin-α 7 MicroBeads and MACS (Miltenyli Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. Integrin-α 7 + BM cells were >90% positive for integrin-α 7 + . 39 These cells expressed MuSC surface markers such as CD34 and integrin α 7 . After being cultured on fibronectin-coated dishes (Wako, Osaka, Japan) in Dulbecco's Modified Eagle Medium (DMEM) and 2% foetal bovine serum for 7 days, the CD34 + cells were collected and used for the cellular assay.
Cell proliferation assay
In vitro MuSC proliferation was assessed with the Cell Titer 96AQ Assay kit (Promega, Madison, WI). 40 Cells were plated on collagen-coated 96-well plates at 5000 cells in 100 μL of 0.3% bovine serum albumin (BSA)/DMEM-2 per well and incubated in DMEM with insulin growth factor-1 (IGF-1) (50 ng/mL, 791-MG, R&D Systems) for 48 h. Then, 20 μL of a mixture of tetrazolium compound and phenazine methosulfate was added (for an MTS assay), and the absorbance was determined at 492 nm. Experiments were performed five separate times for each group in triplicate.
Adiponection treatment assay
BM-derived integrin-α 7 + cells were seeded on 6-well plates and then cultured with DMEM containing 10% foetal bovine serum for 1 day. After starvation for overnight, the cells were treated with mouse recombinant adiponectin (Cat. 5095-AC, R&D Systems) in serum-free DMEM at indicated concentrations and time points (45 min for phosphorylation experiments; 24 h for protein expression experiments), and the levels of targeted proteins were analyzed by Western blot.
Cell migration and invasion assays
The cell migration and invasion assays were performed on Transwell (Costar®, Sigma-Aldrich) 24-well tissue culture plates as described. 41 The cells that invaded the outer side of the membrane were stained and counted in 6-8 randomly chosen fields of the duplicate chambers at a magnification of 200× for each sample.
TUNEL staining
After the attachment of BM-derived CD34 + cells (cells density at 2 × 10 4 cells/mL) to coverslips precoated with gelatin, the cells were cultured in serum-free DMEM containing 250 μM H 2 O 2 for 24 h and then subjected to terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL, Cat. 11684795910) staining as described. 39 The apoptotic cells in the muscles were also evaluated by TUNEL staining.
Immunocytofluorescence
After the attachment of BM-derived CD34 + cells (cells density at 2 × 10 4 cells/mL) to coverslips precoated with gelatin, the cells were fixed for 10 min with 8% paraformaldehyde and washed with 1% glycerol. Following blocking with 0.1% BSA/PBS, the cells were characterized using immunofluorescence. 41 
Statistical analysis
The data are expressed as means ± standard error of the mean (SEM). Student's t-tests (for comparisons between two groups) or one-way analysis of variance (ANOVA) (for comparisons of three or more groups) followed by Tukey post hoc tests were used for the statistical analyses. The nonparametric Kruskal-Wallis test (Tukey-type multiple comparison) was used for the ANOVA of the gene expression data. The endurance and metabolic parameters were subjected to a twoway repeated-measures ANOVA and Bonferroni post hoc tests. The comparative incidence of drop-out times and grip strength was evaluated by the χ 2 test. SPSS software version 17.0 (SPSS, Chicago, IL) was used. P-values <0.05 were considered significant.
Results
SAMP10 mice underwent an exercise programme from 24 weeks of age. We evaluated the changes in metabolic parameters, plasma lipid profiles, and other parameters at the indicated time points. There were no significant differences in food intake, drinking water, urine volume, excrement weight, or body weight between the control and ET groups during the experimental period (Supporting Information, Figures S2, S3A ). Likewise, at 4 months after the start of the intervention, with the exception of HDL, there were no significant differences in plasma total cholesterol (T-Cho), HDL, TG, glucose, BUN, or creatinine between the two groups ( Table 1 ).
The ET ameliorated the muscle loss and dysfunction in SAMP10 mice SAMP10 strains can be useful for studying muscular aging. 19 We examined the impact of long-term ET on age-associated muscle morphological changes and dysfunction in SAMP10 mice at 40 weeks after ET, and the results demonstrated that ET significantly improved the impaired grip strength and running endurance capacity (Supporting Information, Figure S3B , C). The ET group had significantly higher soleus muscle and gastrocnemius mass values compared with the control group (Supporting Information, Figure S3D ,E). Likewise, the ET resulted in increased myofiber size and slow MHC positive myofiber rate (Supporting Information, Figure S4 ).
In addition, as the deterioration of cell proliferation and the increase in apoptosis seemed to be tightly associated with age-related muscle loss, we tested the effects of ET on cell proliferation. At 4 months post-ET, we observed that that ET activated cell proliferation in the soleus and gastrocnemius muscles ( Figure 1A-1C ). In addition, smaller numbers of apoptotic cells were observed in both muscles of the ET-group mice compared with the controls (Figure 1E-1G ). Thus, an ET-mediated amelioration of morphological changes and restoration of the balance between muscle apoptosis and proliferation may account for the prevention of age-related muscle dysfunction and wasting.
Adiponectin/AdipoR1 signalling activation is involved ET-mediated muscle benefits
A close association between decreased levels of adipocytesderived adiponectin and muscle mitochondrial dysfunction has been characterized in pathological conditions, including aging and diabetes. 9 As shown in Table 1 , we observed that the ET mice had 6.3-fold increased levels of plasma adiponectin protein compared with the non-ET SAMP10 mice. The ET resulted in an increase in AdipoR1 gene in the soleus muscle and gastrocnemius (Table 1) .
To further examine the consequences of ET-induced molecular changes, we analyzed the extractions of the muscles to investigate the role of the adiponectin/AdipoR1 signalling pathway. The results indicated that the ET enhanced the phosphorylation of AMPKα protein, a key player in adiponectin/AdipoR1 signalling, in the soleus and gastrocnemius (Figure 2A-2C ). The ET was also able to induce the Exercise ameliorate muscle regeneration phosphorylation of Akt, Erk1/2, and mTOR. Likewise, the ET resulted in decreased levels of p-GSK and gp91phox proteins and increased levels of Bcl-XL in both the soleus and gastrocnemius muscles (Figure 2A-2D) . Thus, the ET-mediated muscle cell protective response by adiponectin/AdipoR1 signalling activation and anti-oxidative stress may be responsible for the preventive effects on age-related atrophy. On the other hand, atrogin-1 has been identified as a likely targes of drug therapy for muscle atrophy. 42 Our present quantitative real-time PCR data demonstrated that the ET suppressed the atrogin-1 gene expression in both the soleus and gastrocnemius muscles ( Table 1 ). The ET also resulted in an increase in the levels of p-FoxO-3a protein (Figure 2A -2D), leading us to speculate that ET-mediated FoxO3a phosphorylation and atrogin-1 inactivation likely contribute to the mitigation of intracellular protein degradation in the muscle loss process.
The ET improved muscle mitochondrial biogenesis and dysfunction
As seen in Supporting Information, Figure S5A , the electron microscopy showed that severe degeneration in the cristae of mitochondria had occurred in both the soleus and gastrocnemius muscles of the SAMP10 mice. The numbers of damaged mitochondria, the percentage of damaged mitochondria and the numbers of lipid droplets were significantly lower in the ET group compared with the control group (Supporting Information, Figure S5B -D). The quantitative PCR also revealed that the levels of the cytochrome c oxidase subunit 5B (COX5B, called respiratory complex IV) gene, a key enzyme of the respiratory chain, were higher in the exercised soleus and gastrocnemius muscles of SAMP10 mice ( Table 1) . The exercised muscles also had increased levels of PGC-1α gene expression. Adiponectin has been shown to be involved in PGC-1α signalling pathway activation in cardiomyopathy. 43 Moreover, Iwabu and colleagues demonstrated that the adiponectin/AdipoR1 axis can modulate mitochondrial biogenesis via transcriptional coactivator PGC-1α activation in muscles. 9 Here, the ET resulted in increased levels of plasma adipose tissue-derived adiponectin ( Table 1 ), suggesting that the improvement of physical performance might be due to the PGC-1α activation-mediated mitochondrial biogenesis and energy metabolism by the up-regulation of adiponectin in response to the long-term ET. However, there were significant differences in VEGF, bFGF, and TNF-α between the ET and control mice ( Table 1 ). 
The ET stimulated MuSC mobilization and improved the intrinsic function of MuSCs
To visualize the regenerative process, we performed double immunofluorescence for desmin (an intermediate filament protein that in the control mice was expressed at a lower level) and for laminin 5, a basement membrane protein that was disorganized in immature muscle fibres of the soleus and gastrocnemius muscles of the control mice. As shown by Figure 3A and 3B, at 4 months post-ET, the ET muscles showed strong desmin and laminin 5 expressions and ordered organization. Likewise, the numbers of CD34 + / integrin-α 7 + MuSCs were much higher in the muscles of the ET mice compared with those of the control mice (Figure 3 C-3E). Moreover, the flow cytometry revealed that the ET resulted in increased numbers of CD34 + /integrin α 7 + MuSCs in the BM and the PB ( Figure 4A and 4B ). BM-derived stem cells isolated with integrin-α 7 + microbeads expressed MuSC surface markers such as CD34 and integrin-α 7 ( Figure 4C ). A Western blot assay revealed that the ET resulted in increased levels of p-Akt and Bcl-2 protein and decreased levels of gp91phox in the integrin-α7 + MuSCs of the SAMP10 mice ( Figure 5A and 5B). We investigated whether ET would influence the BMderived MuSC dysfunction associated with aging. The results indicated that the ET enhanced the MuSC migration and proliferation and mitigated MuSC apoptosis ( Figure 5C-5E ).
Taken together, these findings suggest that the improvement of BM-derived MuSC mobilization/homing and dysfunction by ET could represent a common cellular mechanism in the protection of muscle tissue against aging stress.
Adiponectin blocking diminished the ET-mediated muscle benefits in SAMP10 mice
To further explore the molecular mechanisms underlying the ET-mediated prevention of aging-related muscle damage, we analyzed SAMP10 mice treated with control IgG and neutralizing rabbit pAb against adiponectin (pAb-Adip) for 2 months. Although there was no difference in body weight between the two groups, adiponectin blocking decreased the endurance capacity and enhanced the drop-out times at the indicated time points ( Figure 6A-6C ). The muscle mass and the myofiber size were significantly lower in both muscles of the pAb-Adip mice that underwent ET ( Figure 6D -6F and 6H). Interestingly, we observed that that adiponectin depletion suppressed cell proliferation in the soleus and gastrocnemius muscles (Supporting Information, Figure S6 ). In contrast, greater numbers of apoptotic cells were observed in both muscles of the pAb-Adip mice compared with the controls (Figure 6G and 6I ). In addition, the pAb-Adip mice had decreased levels of the p-AMPKα, p-Akt, p-mTOR, and 
Exercise ameliorate muscle regeneration
Bcl-XL proteins (Supporting Information, Figure S7 ), indicating that adiponectin blocking diminished the ET-mediated prevention of muscle morphological changes and dysfunction via the inactivation of AMPK/p-Akt-mTOR signalling. However, there were no significant differences in the plasma T-Cho, HDL, TG, glucose, BUN, or creatinine levels between the two groups (Supporting Information, Table S2 ). With the exception of white blood cells and the percentages of neutrophils, there were also no significant differences in PB parameters between the two groups (Supporting Information, Table S2 ).
Adiponectin blocking disturbed the ET-mediated mitochondrial biogenic actions
We examined whether adiponectin blocking would influence the ET-mediated mitochondrial morphological changes and function. The results indicated that adiponectin depletion enhanced the damage to mitochondria and the lipid droplet accumulation in the SAMP10 mice that underwent ET (Supporting Information, Figure S8 ). As seen in Supporting Information, Table S3 , the adiponectin depletion decreased the levels of COX4 and PGC-1α genes compared with the control mice. Collectively, these findings suggest that these antimusculoprotective actions of adiponectin blocking are mediated, at least in part, through the inactivation of an adiponectin-dependent PGC-1α signalling pathway in the muscles of SAMP10 mice.
Adiponectin blocking impaired the MuSC mobilization and function in the ET mice
To further explore the molecular mechanisms of adiponectin blocking-mediated inhibitory effects on MuSC regeneration capacity, we characterized MuSCs from the soleus and gastrocnemius of 32-week-old mice by double immunofluorescent staining. The numbers of CD34 + /c-Kit + MuSCs were lower in both muscles of the pAb-Adip mice compared with the ET-alone mice ( Figure 7A-7C ). Immunofluorescence showed that the adiponectin depletion reduced the positive staining for the desmin and laminin 5 proteins in the soleus and gastrocnemius muscles of the ET-alone mice ( Figure 7D and 7E). The flow cytometry revealed that the adiponectin depletion also resulted in decreased numbers of CD34 + / integrin α 7 + MuSCs in the BM and the PB (Figure 8A and 8B) . The pAb-Adip mice had decreased levels of p-AMPKα, p-mTOR, and Bcl-2 proteins in the BM-derived integrin-α7 + stem cells ( Figure 8C ). H&E staining shows the BM structures of the femurs of both groups ( Figure 8D ). As anticipated, adiponectin depletion reduced the numbers of PCNA + and PCNA + /integrin-α7 + stem cells in the BM (Figure 8E-8G ). Recombinant mouse adiponectin enhanced the levels of p-AMPKα, p-mTOR, and Bcl-2 proteins the BM-derived integrin-α7 + stem cells (Supporting Information, Figure S9 ). Thus, these findings suggest that adiponectin blocking may impair MuSC mobilization and function in ET mice.
AdipoR1 inhibition abrogated the ET-mediated muscle benefits
To obtain further evidence of adiponectin/AdipoR1-mediated aged muscle beneficial effects in SAMP10 mice received long-term exercise, we conducted AdipoR1 inhibition experiments. AdipoR1 inhibition abrogated grip strength, endurance capacity, and muscle mass of ET mice (Supporting Information, Figure S10A -D). The numbers of CD34 + /c-Kit + MuSCs were lower in both muscles of the AdipoR1-I mice compared with the control mice (Supporting Information, Figure S10E ). The flow cytometry revealed that the adipoR1 inhibition also resulted in decreased numbers of CD34 + /integrin α 7 + MuSCs in the BM and the PB (Supporting Information, Figure  S10F ). Interestingly, we observed that that AdipoR blocking suppressed cell proliferation in the soleus and gastrocnemius muscles (Supporting Information, Figure S10G ). Likewise, the AdipoR1-I mice had decreased levels of the p-AMPKα, p-mTOR, and Bcl-XL proteins in the muscles (Supporting Infomation, Figure 10H ). Therefore, these results indicate that AdipoR1 blocking abrogated the ET-mediated prevention of muscle morphological changes and dysfunction and improvements of MuSC mobilization and dysfunction in SAMP 10 mice. 
Pharmacological inhibition of AMPK abrogated the ET-mediated muscle benefits
Finally, we examined whether pharmacological inhibition of AMPK would influence the ET-mediated muscle changes and function. The results indicated that AMPK inhibition with compound C decreased the endurance capacity and muscle mass and enhanced the drop-out times (Supporting Information, Figure S11A -E). As anticipated, the numbers of apoptotic cells were higher in both muscles of the AMPK-I mice compared with the control mice (Supporting Information, Figure S10F ), indicating that AMPK inhibition appears to abrogate ET-mediated muscle actions in SMAP10 mice.
Discussion
Regular long-term ET-induced systemic and individual tissue cell responses represent the leading cause of various benefits. [44] [45] [46] [47] [48] [49] Exploring the potential mechanisms of ET-related modulations of the features of age-associated muscle diseases will contribute to therapeutic strategies to combat sarcopenia and frailty. The significant findings of our present work are that the mice that underwent ET as early as at 24 weeks of age showed improved physical performance in contrast to aging-associated muscle wasting. Here, at the molecular and cellular levels, the exercise enhanced not only the circulating adiponectin levels and muscle AdipoR1 gene expression but also the AMPK/PGC-1α-related mitochondrial biogenesis and Akt/mTOR-mediated protein synthesis and proliferation. Simultaneously, the ET retarded the Akt/p-FoxO3-related atrogin-1 activation and Nox2-related oxidative stress production and restored the anti-apoptotic (Bcl-1 or/and Bcl-XL) molecule expression. Adiponectin blocking diminished these beneficial intracellular actions and the muscle dysfunction improvement in the ET mice. Pharmacological interventions targeted towards AdipoR1 and AMPK also abrogated ET-related muscle beneficial actions in SAMP10 mice. Moreover, recombinant mouse adiponectin resulted in increased levels of p-AMPKα, p-mTOR, and Bcl-2 in BM-derived integrin-α7 + cells. The ET stimulated BM-derived CD34 + / integrin-α7 + MuSC protection and mobilization and homing into injured musculature and proliferation, and it retarded the mitochondria damage and cell apoptosis via an AMPKdependent mechanism that is mediated by the adiponectin/AdipoR1 axis in SAMP10 mice. The mechanisms underlying the improvement of aging-related muscle regeneration and dysfunction in a SAMP10 mouse model are schematically represented in Supporting Information, Figure S9 . It is well established that regular ET is beneficial against various types of cardiovascular and muscle diseases. 9, 14 The data presented here show that exercise improved the grip strength and endurance of SAMP10 mice. The ET also enhanced the desmin expression and slowed the HMC-positive myofiber rate in the soleus and gastrocnemius muscles of the mice. The ET improved the aging-related unbalanced cell proliferation and apoptosis in both muscles. The exercised mice had increased levels of p-AMPKα, p-Akt, p-ERK1/2, p-mTOR, and p-FoxO3 proteins and AdipoR1 gene and decreased levels of astrogin-1 gene. Taken together with the results of our adiponectin and AdipoR1 blocking experiments, these findings indicate that the benefits of exercise are likely to improve muscle integrity via an adiponectin/AdipoR1related restoration of the balance of protein synthesis and proteolysis.
It has been clear that the function and the numbers of BMderived stem cells are modified by pathological conditions such as age-associated disease and by therapeutic exercise intervention. 14, 39 In the present study, the ET caused an increase in the numbers of CD34 + /integrin-α 7 + MuSCs in the bone marrow and PB. The muscles of the ET mice showed strong desmin and laminin 5 expressions and ordered organization. The ET also enhanced the numbers of CD34 + /integrin-α7 + MuSCs in the soleus and the gastrocnemius. In addition, the migration and proliferative responses of BM-derived integrin-α7 + stem cells to IGF-1 were higher in the ET mice than in the control mice. Likewise, the ET reduced the cell apoptosis after exposure to H 2 O 2 . Moreover, the ET resulted in increased levels of AdipoR1 gene and p-AMPKα, p-Akt, p-FoxO3a, and Bcl-2 proteins and decreased levels of gp91phox in the BM-derived integrin-α7 + MuSCs. The ELISA revealed that the plasma levels of adipose tissue-derived adiponectin were increased in the ET mice. In addition, recombinant mouse adiponectin resulted in increased levels of p-AMPKα, p-mTOR, and Bcl-2 in BM-derived integrin-α7 + cells. Adiponectin protects EPCs against apoptosis and therefore could modulate EPCs' ability to induce the repair of vascular damage. 50 Another study demonstrated that adiponectin deficiency resulted in decreased BM-derived EPC-like cell survival, decreased proliferation, and decreased differentiation ability in mice. 51 Thus, the ability of ET to improve MuSCs' intrinsic function and mobilization has a salutary effect on the bone marrow and the muscles even under conditions of aging-related oxidative stress, by the activation of an adiponectin/AdipoR1-AMPK signalling pathway, thereby promoting muscle regeneration. This notion was further Figure 7 Effects of adiponectin depletion on muscle stem cell regeneration in the soleus muscles and gastrocnemius at 2 months post-ET. (A-C) Representative images and quantitative data for muscle stem cell regeneration identified by double immunofluorescent staining with rabbit mAb against CD34 (green) and goat pAb against integrin-α 7 (red). Arrowheads: related positive-staining cells. Data are mean ± SEM (n = 8-9). (D,E) Fluorescence staining of muscles with laminin 5 rabbit pAb (green) and desmin mAb (red). Scale bar: 50 μm.
supported by our finding that the pharmacological interventions targeted towards adiponectin and AdipoR1 diminished the ET-induced MuSC regenerative actions including production, mobilization, and homing into the injured musculature via AMPK activation in SAMP10 mice.
Aging and metabolic disorders caused decreases in the levels of circulating adiponectin proteins and tissue adiponectin receptor1 (AdipoR1). 20, 24, 25 The ability of ET to increase adiponectin levels is likely contribute to the prevention of muscle loss under experimental conditions. In agreement with a previous report that exercise reduced endothelial cell apoptosis in ischemic muscles at advanced ages, 39 our present findings demonstrated that cell apoptosis in the soleus and gastrocnemius were reduced by ET, and these effects were reduced by adiponectin depletion. Similar to the results of a clinical study, 52 our present findings show that exercise significantly increased the circulating adiponectin levels in SAMP10 mice. ET reduced the muscle p-GSK and gp91phox levels and enhanced the Bcl-XL levels. Moreover, adiponectin and AdipoR1 blocking reduced the muscle Bcl-XL level. As seen in AMPK inhibition experiments, compound C resulted in decreased grip strength, endurance capacity, and muscle mass and increased the numbers of TUNEL + cells in both soleus muscle and gastrocnemius in ET mice. Adiponectin/adipoR1 has been reported to protect against cardiac cell and muscle apoptosis in vivo and in vitro. 43, 53 Thus, exercise appears to prevent muscle loss via adiponectin/AdipoR1-AMPK-mediated anti-apoptotic and anti-oxidative actions.
In addition, the effect of exercise on PGC-1α activity is likely to be of great clinical and experimental significance when the expression of the transcriptional coactivator is reduced. 54 Accumulating evidence indicates that PGC-1α expression in skeletal muscle declines with age and with diabetic disease. 19, 54 Our present findings show that ET retarded age-associated mitochondrial damage and lipid droplet accumulation. It was recently reported that exercise reversed obesity-related decreased levels of adiponectin and adipoR1 and mitochondrial dysfunction in the muscle. 9 Our present observations demonstrate that adiponectin blocking suppressed exercise-induced AMPKα phosphorylation and PGC-1α and COX4 expressions and accelerated the mitochondrial morphological changes. Because PGC-1α overexpression rescues mitochondrial injury, we propose that the enhancement of the adiponectin/adipoR1-depedent AMPK-PGC-1α activation-mediated mitochondrial biogenic capacity is likely attributable, at least in part, to contribute to the ET-mediated muscle-protecting actions. There were several study limitations. First, we did not design to calculate the amounts of subcutaneous and inguinal fat mass in any way in the experimental settings. Second, this study was not designed to compare the difference between SAMR1 and SAMP10.
Summary
Exercise stimulates the muscles' responses in pathological conditions, including sarcopenia. The molecular mechanisms by which exercise improves the muscle loss and dysfunction associated with aging are poorly understood. The present study's results indicate that aging-associated muscle wasting in SAMP10 mice can be ameliorated by ET via the improvement of adiponection-AdipoR1-dependent AMPK/Akt-mTOR signalling-mediated protein catabolic and anabolic responses, oxidative stress-related cell apoptosis, and adiponectin/PGC-1α activation-related biogenesis. The ability of ET to restore the 'young' muscle response can be recommended as a powerful strategy to prevent age-associated declines in muscle regeneration and function by recruiting and improving the delivery of MuSCs to the damaged muscle tissues. This might also allow the therapeutic use of nonpharmacological interventions, such as voluntary exercising, to complement pharmacological or cell therapies. laboratory analysis; real-time PCR analysis; collection and assembly of samples and data, data analysis and interpretation; X.W.C.: Major contributor to the collection and assembly of data; manuscript writing; Western blotting and electron microscopy; financial support; conception, design, and editing of the manuscript; H.J., G.Z., Y.L., G.Y., and X. L.: Collection and assembly of samples and data, data analysis, and interpretation; R.K. and L.P.: ELISA and laboratory analysis; L.H. and H.W.: Bone-marrow transplantation and in vitro MuSCs analysis; Z.H., T.S., and K.I.: Western blotting, morphological analysis, and electron microscope analysis; K. S., Y.B., and T.K.: Reviewed/edited the manuscript; M.K.: Financial support; conception, design, and editing of the manuscript.
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